Size-dependent charge storage was observed in metal-insulator-semiconductor structures containing amorphous Si quantum dots (a-Si QDs͒ grown by plasma-enhanced chemical vapor deposition. For a-Si QDs as large as 2 nm in diameter, one electron or one hole was stored in each a-Si QD. For small-sized a-Si QDs of 1.4 nm in diameter, however, the width of capacitancevoltage hysteresis was decreased, indicating that the charge density in the a-Si QDs was reduced. This can be attributed to the lowered tunneling barrier in the small-sized a-Si QDs resulting from a large quantum confinement effect. Long-term charge storage was observed in the fully charged a-Si QDs; this is attributed to a suppression of the discharge process by electrostatic repulsion among the charged dots. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1596371͔
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Flash electrically erasable and programmable read-only memory ͑EEPROM͒ is one of the most popular nonvolatile memories. The flash EEPROM is operated by the tunneling injection of electrons into a floating gate to introduce a threshold voltage shift that is detected via current sensing. To achieve long retention and nonvolatility in this memory device, a nanocrystal memory has been proposed, 1-4 and most of nanocrystal memories comprise silicon nanocrystals embedded in gate SiO 2 insulator.
1-6 However, the effect of size of a nanocrystal on the charging properties has not been studied due to the difficulties in the size control of nanocrystals, although the size of the nanocrystal can strongly influence the tunneling barrier height and charge loss due to the quantum size effect of nanocrystal. This effect will be very critical to the control of the nonvolatility of memory devices based on the silicon quantum dots.
This letter reports on the dot-size-dependent charge storage in silicon nitride containing amorphous silicon quantum dots (a-Si QDs͒. Quantum size effects of a-Si have been examined experimentally and theoretically. [7] [8] [9] A silicon nitride insulator has a lower tunneling barrier (1.5ϳ2.0 eV) than silicon oxide (3.1ϳ3.8 eV) and, therefore, the effect of dot size on charge storage can be easily observed. The results can be explained by the dot-size-dependent tunneling barrier height and charge density, along with the charging conditions in a-Si QDs.
Silicon nitride films, 45 nm thick, containing a-Si QDs, were grown on n-type ͑100͒ Si substrates by plasmaenhanced chemical vapor deposition ͑PECVD͒. Nitrogendiluted 5% silane (SiH 4 ) and additional nitrogen (N 2 ) gas were used as the reactant source gases. Details of the sample preparation have been described elsewhere. 10 Two types of silicon nitride containing a-Si QDs with dot sizes of 2.0 and 1.4 nm, which are denoted as large-dot and small-dot samples, respectively, were prepared. An Al film with an area size of 30ϫ30 m 2 was used as a top contact layer. C -V characteristics were measured with a HP 4284A precision LCR meter at 1 MHz. Figure 1 shows typical C -V hysteresis curves for an MIS structure containing a-Si QDs with a mean size of 2.0 nm and those of a normal sample. The normal sample is defined as an metal-insulator-semiconductor ͑MIS͒ structure with no a-Si QDs in the silicon nitride film. For C -V measurement, the sweep voltages were applied to a normal sample and the a-Si QD sample up to breakdown voltages of 6 and 20 V, respectively. In Fig. 1͑a͒ , the normal sample shows no shift in its C -V hysteresis loop when the sweep voltage was increased from 8 to 12 V. The width of the hysteresis is larger in normal samples than in a-Si QD samples within the same width of sweep voltage. If the C -V hysteresis is due to bulk traps in the silicon nitride film, its width should be proportional to the width of the sweep voltage, since ⌬V FB is strongly dependent on voltage stress in this case. 11 It has also been reported that memory or charging effects are induced by voltage stress in silicon oxide layers. [12] [13] [14] However, the C -V hysteresis of normal samples is independent of sweep voltage width, as shown in Fig. 1͑a͒ , indicating that the origin of this is the interface states of the silicon nitride film and the silicon substrate. In fact, charging effects in conventional MIS structures are believed to be due to bulk trap in the insulating film and to the interface state at the insulator film and semiconductor substrate.
The a-Si QD samples, however, showed very different behaviors, as evidenced by the C -V hysteresis curves. The interface trap density is considered to be low because the width of the C -V hysteresis of a-Si QD samples is much smaller than that of a normal sample. Figure 1͑b͒ clearly shows that the shift in the C -V curve with respect to the curve without hysteresis ͑square symbols͒ is larger during a sweep of ϪV→ϩV ͑hole charging͒ than during a sweep of ϩV→ϪV ͑electron charging͒. The width of the C -V hysteresis can be considerably increased by an incremental change in the width of the sweep voltage. As a result, the magnitude (⌬V FB ) of the C -V hysteresis increases to about 11 V, as shown in Fig. 1͑b͒ . The ⌬V FB for a single charge per QD 5 is approximately given by
where t SiN , the thickness of the silicon nitride film containing a-Si QDs, is about 45 nm; t well is the linear dimension of the QD; SiN , the permittivity of silicon nitride, is 7.5; Si , the permittivity of a-Si, is assumed to be that of crystalline Si, 12 0 ; q is the magnitude of the electronic charge; and n well is the density of the QDs. For the large-dot sample ͑2.0 nm in diameter͒, the dot density is estimated to be 4.6 ϫ10 12 cm Ϫ2 from high-resolution transmission electron microscopy ͑HRTEM͒. From these data, the C -V shift is calculated to be 5.0 V for one electron per QD. This value is similar to the value of ⌬V FB of 4.7 V for electron charging, as determined from the C -V curves in Fig. 1͑b͒ . These data are consistent with one electron being stored in one a-Si QD and all QDs being charged with electrons. The Coulomb charging energy, e 2 /2C, where C is the self-capacitance of the a-Si QD (Cϭ2 SiN t well ϭ8.3ϫ10 Ϫ19 F), is calculated to be about 96 meV, and this value is larger than the thermal energy. This indicates that a finite number of electrons can be accommodated by the a-Si QDs.
The C -V hysteresis curve of the small-dot sample ͑1.4 nm in diameter͒ shows a smaller width than that of the largedot sample ͑2.0 nm in diameter͒, as shown in Fig. 2 . This can be explained by the density of the dots in the samples or by the charge density in the a-Si QDs. The density of charged dots for the small-dot sample is estimated to be 2.6 ϫ10 12 cm Ϫ2 from the previous equation by using 1.4 V as the value of ⌬V FB , but the total dot density of this sample was determined to be about 1.8ϫ10 13 cm Ϫ2 by HRTEM. Therefore, the ratio of charged dot density to total dot density in the small-dot sample is considerably lower than that in the large-dot sample. The decrease in the width of the hysteresis curve for the small-dot sample appears to be the result of a decrease in charge density. This can be explained by the tunneling barrier height in the small-sized a-Si QDs, which is much lower, due to a quantum confinement effect, compared to that in the large-sized a-Si QDs. It has been reported that the shift of energy level in the conduction band is larger than that in the valence band as the result of a quantum confinement effect in the a-Si quantum well. 15 This effect would be expected to be enhanced in an a-Si QD compared to an a-Si quantum well, because of the threedimensional quantum confinement effect in a-Si QDs. Therefore, the tunneling barrier for electrons in a-Si QDs is lowered to a considerable extent, compared to that for holes as the dot size is reduced. This explains the decrease in the width of the hysteresis curves and the asymmetric changes in ⌬V FB (⌬V FB :4.7 V→1.4 V for electron charging, ⌬V FB :6.5 V→2.9 V for hole charging͒ with decreasing size of a-Si QDs. Figure 3 shows charge retention characteristics for the samples with two different sized QDs. Electron or hole charge loss was monitored after the samples were fully charged at Ϯ20 V, for 2ϳ5 s, respectively, depending on the size of the QDs. The retention times observed in the a-Si QD samples are larger compared to those in a conventional memory. 16 This result clearly demonstrates the potential ap- plication of a-Si QDs in nonvolatile memory devices with retention times much longer than conventional floating gate memory devices. Figure 3͑b͒ shows that the rate of loss of electron charge in the small-dot sample is larger than that of the hole charge. This can be attributed to the tunneling barrier for electrons, which was lowered by size reduction, this result is also consistent with the asymmetric changes in ⌬V FB , as discussed earlier. Figure 4 shows that the retention characteristics are strongly dependent on stress time ͑charging time͒, which has not been reported to date. The charge density increases with increasing stress time. The charge loss rate of a partially charged sample is larger than that of a fully charged sample, for both electrons and holes. It has been reported that charged nanocrystals increase both electrostatic repulsion and charge occupation in nanocrystals, thereby limiting the additional charging of nanocrystals. 5 Therefore, these results observed for a-Si QDs may also be explained by electrostatic repulsion among the charged a-Si QDs. As the charged dot density increases, electrostatic repulsion among the charged a-Si QDs increases, resulting in a suppression of charge loss, as shown in Fig. 4 . This inefficient charge loss induces long-term charge retention, indicating that long-term charge storage can be achieved in fully charged a-Si QDs.
In summary, C -V hysteresis characteristics, which are indicative of charging effects, were observed in a-Si QDs embedded in a silicon nitride film grown by PECVD. The charging and discharging behaviors were found to depend on both dot size and charging conditions. One electron or hole was stored in each a-Si QD in the case of the large-dot ͑2-nm͒ sample, but the charge density was decreased in the small-dot ͑1.4-nm͒ sample. The size effects on charging/ discharging were larger for electrons than for holes because the shift in the conduction band was larger than that in the valence band as the result of the size reduction in the a-Si QD. Through measurements of charge loss rate, long-term charge storage was achieved in a fully charged condition, which can be attributed to the suppression of the discharge process by electrostatic repulsion among the charged dots.
This work was partially supported by the National Research Laboratory Program on Nanophotonic Semiconductors in Korea. FIG . 3. Long-term charge retention characteristics of ͑a͒ a large-dot sample ͑2 nm͒ and ͑b͒ a small-dot sample ͑1.4 nm͒. Charge loss rates were monitored at 1 V for electrons and at Ϫ5 V for holes after injecting electrons/ holes at Ϯ20 V, respectively, for 2 s in ͑a͒. The monitoring voltages were Ϫ1.5 V and Ϫ2.5 V for electrons and holes, respectively, while the charging time was 5 s for both cases in ͑b͒.
FIG. 4.
Charge retention characteristics of ͑a͒ holes at Ϫ2.5 V and ͑b͒ electrons at Ϫ1 V for a small-dot sample after charging at Ϯ20 V, respectively. The insets show the normalized charge density. The injected charge density is proportional to the stress time ͑or charging time͒.
